Respiratory syncytial (RS) virus is the most important viral cause of severe respiratory infection in infants (17, 20) , infecting the epithelium of both the upper and lower respiratory tract.
Epithelial cells line the major cavities of the body, functioning in selective secretion and adsorption and providing a barrier to the external environment (11, 27, 36) . As such, they are often the initial target for pathogens. The plasma membrane of these cells is divided into two discrete domains with distinct protein and lipid compositions. Specialized complexes termed tight junctions serve to preserve these domains and prevent mixing of components between them. The tight junctions are also involved in the formation of a monolayer of tightly adherent cells. A number of cell lines retain the properties of differentiated epithelial tissues in culture (16, 36) .
Many viruses bud asymmetrically from polarized epithelial cells in culture, with potential implications for viral pathogenesis (32, 33, 35, 36) . Vesicular stomatitis virus and retroviruses are released from the basolateral domain of polarized cells, while influenza virus and the paramyxoviruses simian virus 5 and Sendai virus have been shown to bud from the apical domain (14, 23, 29, 30, 33, 35, 36) . RS virus is classified in the separate Pneumovirus genus of the family Paramyxoviridae because of the distinctive molecular and biological features which set it apart from other members of this family. Since RS virus is a pathogen of major clinical importance which naturally infects the respiratory epithelium, we have examined RS virus infection in two polarized epithelial cell lines to determine whether maturation of this virus is asymmetric.
The maturation of RS virus in polarized epithelial cells was investigated with the polarized epithelial cell line Vero C1008. This line has been used to demonstrate the asymmetric maturation of a number of viruses (8, 9, 31) . The Vero C1008 cell line is a clone of the nonpolarized epithelial cell line Vero 76, which we used in the studies presented here as a control. Vero 76 is a derivative of the epithelial cell line Vero, which has been used extensively in studies of RS virus maturation (2, 3, 13, 21) .
Vero C1008 cells were seeded onto plastic culture dishes and allowed to grow until confluent monolayers were formed. The monolayers were infected with RS virus, and sections from both uninfected and RS virus-infected monolayers were examined by transmission electron microscopy. RS virus was detected budding exclusively from the apical surface of infected cells and was often observed budding in clusters (Fig. 1A) . The viral particles were pleomorphic, and both round and filamentous forms of 80 to 100 nm in diameter were observed, with the filamentous forms predominating. Many of these viral particles possessed an electron-dense fuzzy coat, and in cross-section, a regular pattern of electron-dense dots was often observed (Fig.  1B) . These electron-dense dots were also observed just under the cell membrane in areas where virus budding was occurring (Fig. 1B) . No released or budding viral particles were detected on the basolateral surface or in the intercellular spaces of the RS virus-infected Vero C1008 cells, indicating that the virus was released from the cells asymmetrically. No syncytial cells were observed at this time by electron or light microscopy (data not shown).
For comparison, nonpolarized Vero 76 cells were also infected with RS virus and observed by transmission electron microscopy. Following infection of these cells with RS virus, viral particles were detected all around the cells and in the intercellular spaces (Fig. 1C ), in agreement with earlier work in other nonpolarized cell lines (2, 3, 5, 19, 21) . At lower magnifications, syncytial cells containing multiple nuclei were also observed by electron and light microscopy in the nonpolarized cells (data not shown). In addition, cytoplasmic inclusion bodies were observed in both polarized and nonpolarized cell lines following RS virus infection ( Fig. 1A and 1C ). These cytoplasmic inclusions are thought to consist of aggregated viral nucleocapsids and have been observed in RS virus-infected cells as well as in cells infected with the related virus pneumonia virus of mice (5, 10, 15, 21) .
Examination of the structures budding from the surface of the RS virus-infected Vero C1008 cells by scanning electron microscopy revealed large, thick clumps of long filamentous particles in addition to some individual filaments (Fig. 2B ). These clusters could be resolved into individual filaments at higher magnification (Fig. 2D) . The diameter of these filaments was similar to that of the microvilli on the uninfected cells; however, the RS virus filaments were much longer than the microvilli, which averaged 0.7 m in length. The viral filaments ranged between 4 and 8 m, although it was difficult to determine the beginning and termination of individual filaments. The filamentous morphology of the cell-associated RS virus particles observed on the surface of the Vero C1008 cells was not a function of the polarized phenotype of the cell, as we observed this morphology in both the polarized Vero C1008 and nonpolarized Vero 76 cell lines and this morphology has (2, 12, 13, 25) . In addition, the filamentous morphology of RS virus does not appear to be a result of tissue culture adaptation. While the strain used in our study has been maintained in the laboratory for many passages, electron microscopic analysis of RS virus isolated directly from nasopharyngeal secretions or observed in autopsy material has demonstrated that such virus is also predominantly filamentous (6, 7, 18) . Immunofluorescence microscopy of the RS virus-infected cell surface demonstrated that the RS virus attachment glycoprotein G was not uniformly distributed on the infected cell surface and was not present on the uninfected control cells (Fig. 3A and C) . Rather, the G protein was concentrated in the long filaments on the surfaces of both polarized and nonpolarized Vero cell lines (Fig. 3B and D) , in agreement with earlier reports on the distribution of this glycoprotein in viral filaments (3, 12, 25) .
There was little evidence of cytopathology at 27 h postinfection (p.i.) in the RS virus-infected Vero C1008 cells when observed by light microscopy (data not shown), in agreement with the absence of syncytia in the RS virus-infected Vero C1008 cells, as shown by transmission electron microscopy. No syncytia were observed and domes were still present, consistent with the infected cells, remaining polarized with the tight junctions intact, preventing virus spread via the basolateral surfaces. In contrast, syncytia were evident at this time in RS virus-infected non-polarized Vero 76 cells (data not shown). This lack of syncytium formation was not due to inefficient infection of the Vero C1008 cells. Comparable amounts of infectious virus were produced with similar kinetics in the two cell lines (2 ϫ 10 7 to 3 ϫ 10 7 PFU/10 6 cells at 48 h p.i.), and in both cell lines, the majority of the virus infectivity was cell associated.
To assay the release of infectious RS virus particles into the cell culture supernatants, it was necessary to grow the cell monolayers on permeable supports. However, it has been reported previously that RS virus infectivity was retained by 0.45-m filters (24) , such as those commonly used as permeable supports. Therefore, we tested the ability of RS virus to pass through both Millipore 0.45-m HA membranes and Costar Transwell 3-m polycarbonate membranes. RS virus was added to the upper chamber of the support and allowed to flow through by gravity filtration. The flow through was then titrated on Vero 76 cells. Less than 0.5% of the original RS virus infectivity passed through the support with the 0.45-m membrane, while more than 85% of the infectivity of the virus stock was recovered after passing through the 3-m membrane support. These results suggest that the long filamentous viral particles observed by electron microscopy may be the predominant infectious form of RS virus. On the basis of these results, 3-m membrane supports were used for subsequent growth experiments. Because Vero C1008 cells readily grow through these larger pore membranes and establish monolayers on both sides of the membrane (37), we used the polarized epithelial cell line MDCK for these studies, although RS virus replicates less well in MDCK cells than in Vero C1008 cells.
Polarized MDCK cells grown on the Transwell 3-m permeable supports were infected with RS virus, and at 24 h p.i., Since many viral glycoproteins accumulate in the same membrane domain from which the virus buds (14, 22, 28, 36) , we also analyzed the distribution of the RS virus fusion glycoprotein F on the infected cell surface. RS virus-infected Vero C1008 cell surfaces were biotinylated at 28 h p.i. (4) , and the amount of biotinylated F protein expressed at the apical and basolateral cell surface was quantitated (Fig. 4) . In five assays, an average of 88% of the biotinylated F protein was expressed on the apical surface. Thus, the surface expression of RS virus F protein is polar, and this protein is expressed on the same surface from which the virus is released from polarized Vero C1008 cells. These results suggest that the lack of syncytia in the RS virus-infected polarized Vero C1008 cells is due in part to the apical restriction of surface expression of the fusion glycoprotein F. Studies with Sendai virus have shown that accumulation of the viral envelope glycoproteins in areas of cell-cell contact is essential for cell fusion (1) , and analysis of a Sendai virus mutant that buds in a nonasymmetrical fashion from polarized cells has shown that basolateral expression of the viral fusion glycoprotein F is essential for cell fusion (34) .
Our results demonstrate that RS virus matures at the apical membrane domain in the two polarized cell lines examined here. This restriction of RS virus maturation to the apical domain suggests that the asymmetric release of infectious RS virus may be a factor in the generally local nature of RS virus infections in the host. Budding of virus to the lumen may also be important in the shedding of virus in respiratory secretions and spread of RS virus to other hosts.
